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The nuclear spin-lattice relaxation rate (1/Ti) has been measured in the single crystals of 
hole doped two-leg ladder compounds Sri4_ a; Ca 2 :Cu2404i and in the undoped parent material 
LaeCa8Cu2404i. Comparison of 1/Ti at the Cu and the two distinct oxygen sites revealed that 
the major spectral weight of low frequency spin fluctuations is located near q ~ (tt, tt) for most 
of the temperature and doping ranges investigated. Remarkable difference in the temperature 
dependence of 1/Ti for the two oxygen sites in the heavily doped x=12 sample revealed reduc- 
tion of singlet correlations between two legs in place of growing antiferromagnetic correlations 
along the leg direction with increasing temperature. Such behavior is most likely caused by the 
dissociation of bound hole pairs. 
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There has been considerable interest in the hole-doped 
two-leg spin ladders since superconductivity was pre- 
dicted to occur in such systems.El It has been well es- 
tablished that undoped two-leg spin ladders have a res- 
onating valence bond ground state and a finite gap for 
spin excitations. How the spin and charge dynamics 
as well as the nature of the ground state evolve with 
holepdiiping is an issue^of current interest. Both ana- 
lytic!]' [} and numericalcm** theories predict that doped 
holes would be bound in pairs with a finite spin gap, 
leading to d-wave superconductivity unless dominated by 
charge order (CDW) instability. This prediction stimu- 
lated many efforts to realize hole doping into two-leg lad- 
ders. Of these, Sri4_ a; Ca :E Cu2404i is the only hole-doped 
material with two-leg ladder structure so far known that 
shows superconductivity© 

The structure of this compound consists of alternat- 
ing stack of the CU2O3 two-leg ladder layers shown in 
Fig. 1 (a) and the Cu02 one dimensional chain layers 
with the Sr layers between them.lZP The average valence 
of Cu is 2.25, i.e. 1/4 holes per Cu are distributed among 
the ladder and the chain layers. Holes in the chain lay- 
ers are highly localized and do not contribute to charge 
transport. The hole density in the ladder layers (Pl) of 
the x—0 sample (Sri4Cu2404i) is estimated toJpe rather 
small (Pl ~ 0.05) from optical measurements. Er Substi- 
tution with Ca for Sr promotes transfer of holes from the 
chain layers to the ladder layers. Thus the electrical re- 
sistivity decreases with x and superconductivity appears 
for x > 11 under high pressure above 3 GPa.ErEr 1 By sub- 
stituting Sr or Ca with La, total number of holes can 
be reduced. All Cu ions are divalent carrying spin 1/2 
in La6CasCu2404i (hereafter abbreviated as La6Ca8), 
which can be regarded as the undoped parent material. 

Spin excitations in the ladder layers have been stud- 
ied by neutron scattering and NMR. Neutron scatter- 
ing experiments in undoped La6Ca8 have shown a fi- 



nite gap A=32meV for spin excitations at the wave 
vector (tt, it) S3 The gap persists upon doping and its 
magnitude xemains nearly independent of doping up to 
a;=12.EJE3 , E3' Measurements of the nuclear spin-lattice 
relaxation rate (1/Ti) and the NMR frequency shift at 
the ladder Cu sites also show approximately activated 
temperature deppudenres apparently indicating a finite 
spin gap.aEj'E3EZrE§ ) However, it has been puzzling 
that the activation energy decreases dramatically with 
increasing Pl contrary to the neutron results. Recent 
results of Cu NMR for x=l2 under high pressure^' E!J 
indicate that the spin gap vanishes in the normal state 
of the superconducting materials. Thus it is still contro- 
versial whether the superconductivity emerges from pre- 
formed hole pairs in the RVB spin singlet background as 
the theories originally predicted. 

In this paper, we discuss low energy spin dynamics at 
ambient pressure based on the results of 1/Ti measure- 
ments in three single crystals, the undoped La6Ca8 and 
the hole-doped Sri4_ 3; Ca 3 ;Cu2404i with x=0 and x=l2. 
Since a two-leg spin ladder is a quasi one-dimensional 
system with short range antiferromagnetic correlations, 
low energy spin excitations should be located near q x =0 
or 7T (2k f) m the reciprocal space, where q x is the wave 
vector along the leg direction. Spin excitations are fur- 
ther specified by the symmetry with respect to the in- 
terchange of two legs. Symmetric (antisymmetric) ex- 
citations are associated with q y —Q (q y =ir). Thus there 
are four important spots in the g-space that could con- 
tribute to the low energy spin fluctuations. All of them 
contribute to 1/Ti at the Cu sites. However, antiferro- 
magnetic spin fluctuations along the leg direction with 
q x ~ tt do not contribute to 1/Ti at the leg oxygen (01) 
sites, neither do fluctuations with q y ~ n to 1/Ti at 
the rung oxygen (02) sites. Therefore, measurements of 
1 jT\ at different sites allow us to distinguish low energy 
spin fluctuations at different wave vectors. 
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Fig. 1. (a) Structure of the ladder layers, (b) Temperature dependence of (l/ Cu Ti)i, for La6Ca8, x =0, 3 and x=12. (c) Temperature 
dependence of (l/ 01 7i)|, for La6Ca8, x = 0, and x = 12. The results of (l/° 2 Ti) a for x=0 are also shown, (d) The temperature 
dependence of the ratio Cu Wt,/ 01 W),. 



Our results indicate that the dominant weight of low 
frequency spin fluctuations is located near (tt, 7r) for most 
of the doping and temperature range investigated. This 
implies that the activation energy of 1 /7\ at the Cu sites 
is determined by the damping of excitations near (tt, tt) 
and should not be identified as the spin gap. The dis- 
crepancy with the neutron results is thus resolved. The 
mechanism of damping, however, depends on doping and 
is closely correlated with the transport behavior. 

The single crystals used in the NMR experiments were 
grown in oxygen atmosphere by the travelling solvent 
floating zone method.El The crystals were then annealed 
in oxygen gas containing 45% 17 for isotopic exchange. 
The temperature dependence of f/Ti at the Cu and 
01 sites are shown in Fig. 1 (b) and (c), respectively. 
A general expression for l/Ti at fc-th sites is given in 
terms of dynamic spin correlation function S^q, Lu n ) as 
(V fe Ti) a = 2( fc 7 „) 2 E/ ^(q) 2 + fe F 7 (q) 2 )S(q,a, n ). 
Here, a is the direction of the external field, /? and 7 
denote the directions perpendicular to a, k -f n is the gy- 
romagnetic ratio of the fc-th nuclei, uj n is the nuclear res- 
onance frequency (several tens of MHz), and k F a (q) is 
the wave- vector dependent hyperfine coupling constant. 
The q dependence of -F(q) describes the filtering of spin 
fluctuations in the g-space for each site mentioned be- 
fore. The values of F a (0) have been determined from 
the NMR frequency shift measurements up to an overall 
multiplicative factor E3 We define the normalized l/Ti 

by 

k W =C 0-/ k Tl) a m 

a ~ ( fc 7„) 2 ( fc ^(0) 2 + fc ^(0) 2 )' U 

where C = ( Cu 7„) 2 ( Cu T;(0) 2 + Cu F c (0) 2 ) so that Cu W b 
is identical to (l/ Cu Ti)b. If there is no filtering, the value 
of k W a should be identical for all nuclei. Experimentally, 
however, the values and temperature dependence of W a 
are quite different for the Cu and 01 sites, as one can 
clearly see by plotting the ratio Wb/ 01 Wb shown in 



Fig. 1 (d). 

1. Undoped La6Ca8: In the undoped La6Ca8, l/Ti 
shows an activated temperature dependence above 150 
K with the activation energy of about 540 K at both 
sites. Below about 100 K, however, l/Ti shows a T- 
independent finite value. This is most likely due to the 
coupling to the magnetic Cu02 chain layers. It has been 
established that for one dimensional spin systems with a 
finite gap, spin correlation functions near zero frequency 
at low temperatures are described by the two magnon 
processes of thermally excited _magnons with the mo- 
mentum transfer q ~ (0,0) .oEr Then we expect the 
normalized l/Ti to be identical for all sites. However, 
Cu Wb/ 01 Wb shown in Fig. 1 (d) is much larger than one 
for the whole temperature range and increases with tem- 
perature above 150 K. This indicates that S(ir, tt) ^> 
S(0, 0) and S(tt, tt) is more enhanced at higher tempera- 
tures. (For the rest of the paper, we omit w„ in S(q, to n ) 
so that S(q x ,q y ) represents S(q x ,q y ,ui = 0).) 

The magnitude of S(tt, tt) is given by the lo=0 spec- 
tral weight of the magnon states broadened by life time 
(damping) effects due to multimagnon processes such as 
scattering of single magnons with two magnon contin- 
uumo It has the temperature dependence exp(— 2A/T) 
in the low temperature limit and, therefore, should be 
negligible compared with 5*(0,0) ~ exp(— A/T). How- 
ever, numerical studies have shown that the validity 
of such argument is limited— to very low temperatures. 
Monte CarlcM and DMRGEZP calculations have shown 
that (tt, tt) contribution becomes dominant even the tem- 
perature is as small as 0.3A when the exchange along the 
leg is equal or larger than the exchange along the rung. 
C3 1 Such anisotropy of the exchange constants is indeed 
suggested from analysis j^i the NMR frequency shift at 
the two oxygen sites .[SEiJ 

Imai et al. found a crossover near 430 K in La6Ca8, 
above which l/ Cu Ti and l/ 01 ' 02 Tj_show remarkably dif- 
ferent temperature dependences^ They argued that 
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two magnon processes with q ~ (0, 0) is dominant be- 
low this temperature. However, the comparison of the 
magnitude of l/ Cu Ti and l/ 01 Ti in our data and closer 
examination of their temperature dependences indicate 
that q ~ (tt, tt) contribution becomes dominant already 
for T > 150K. 

2. Lightly doped x—0: The lightly doped x—0 sample 
shows semiconducting temperature dependence of resis- 
tivity although it is reasonably conducting along the leg 
direction (5m£lcm) at room temperature. Comparison 
of the 1/Ti data for La6Ca8 and x = in Figs. 1 (b) 
and (c) shows that slight hole-doping causes significant 
enhancement of 1/Ti above 200 K, where holes become 
mobile and responsible for incoherent transport. This 
enhancement is much larger at the Cu sites than at the 
01 sites. 

Fitting of the 1/Ti data above 200 K to an activated 
temperature dependence results in quite a large value 
of the activation energy (~ 800 K) at both sites, which 
is much larger than the spin-gap of 32.5 meV obtained 
from neutron scattering measurements at 20 K.liiP The 
value of Wb/ 01 Wb for x=0 is larger than that for 
La6Ca8 (Fig. 1 (d)), indicating that S(ir, tt) is further 
enhanced over 5(0, 0) by hole-doping. This result im- 
plies that incoherent motion of holes further accelerates 
the magnon damping, thereby increases the zero energy 
spectral weight near (n, tt) and makes S(tt, tt) by far the 
most dominant contribution to l/ Cu Ti. The two oxygen 
sites show similar temperature dependence of 1/Ti, as 
shown in Fig. 1 (c). 

Several anomalies of charge properties have been ob- 
served near 200 K for x—0, supporting our argument re- 
lating the enhanced 1/Ti above this temperature with 
motion of holes. At the Cu sites, 1/Ti measured by 
zero field NQR is strongly enhanced below 180 K by 
quadrupolar relaxation due to slow fluctuations of elec- 
tric field gradient S3 Analysis based on the standard 
motional narrowing theory indicates that_glassy charge 
freezing occurs in this temperature range.E^P The electri- 
cal resistivity plotted against 1 /T also shows clear change 
of the activation energy from 1400 K for T < 180K to 
2200 K for T > 18OK.0 The values of electric field gra- 
dient at the Cu and two oxygen sites also show sudden 
steep increase above 200 K.I13-I13' These results indicate 
that both static charge distribution and charge dynamics 
change their behavior near 200 K. 

3. Heavily doped x = 12: The data for x=12 sample in 
Fig. 1 (b) and (c) indicate that further hole-doping up 
to Pl—0.2 (a;=12) significantly lower the temperature 
range in which 1/Ti shows rapid variation. In order to 
compare 1/Ti at various sites more clearly, we plotted 
the normalized relaxation rates W&, 01 W&, and W a 
in Fig. 2 (a). Their ratios are plotted in Fig. 2 (b). 

Below about 60 K, Gu W b / 01 W b is relatively small (~ 
2), indicating absence of strong enhancement of 5(7r,7r) 
compared with other region in q-space. In the inter- 
mediate temperature range from 60 K to 180 K, where 
rapid increase of l/ Cu Ti is observed, Cu Wb/ 01 W b also in- 
creases steeply and shows a broad maximum near 180 K. 
This means that S(tt, tt) is getting dominant over other 
components. Therefore, the variation of l/ Cu Ti in this 
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Fig. 2. (a)The normalized relaxation rates defined by eqjl] at the 
Cu and the two oxygen sites in x = 12. (b) The ratios of the 
normalized relaxation rates for x=12. 



temperature range with an apparent small activation en- 
ergy (~ 200 K) is not associated with thermal excita- 
tions across the gap but caused by accumulation of low 
frequency spectral weight near (tt,tt). Thus it is not in 
conflict with the neutron results that shows a large spin 
gap of 370 K in the low temperature limit (T=7 K). 

A remarkable feature for the heavily doped mate- 
rial is that the two oxygen sites show quite differ- 
ent temperature dependences of 1/Ti. Below 60 K, 
the ratio 01 Wb/ 02 W a is large (~ 5), indicating that 
£(0,71") > S(tt, 0), 5(0, 0). As the temperature increases 
01 Wb/ 02 W a falls rapidly and becomes smaller than one 
above 100 K, indicating that 5(tt, 0) > 5(0, tt), 5(0, 0). 
The temperature dependence of 01 Wb/ 02 W a combined 
with that of Cu Wb/ 01 Wb suggests that singlet correla- 
tions along the rung becomes weaker with increasing 
temperature in place of the growing antiferromagnetic 
correlations along the leg. We should recall that such 
behavior has not been seen in x=0 sample, where the 
two oxygen sites behave similarly up to room temper- 
ature. The spin susceptibility deduced from the shift 
measurements also shows fiapid increase above 60 K and 
saturation above 180 K.OEl 

Above 180 K the behavior of 1/Ti is quite different 
for all three sites. While l/ Cu Ti shows gradual decrease 
after passing through a broad maximum around 180 K, 
l/ 01 Ti and l/° 2 Ti continue to increase. While l/ 01 Ti 
varies almost linear in T, l/° 2 Ti increases more steeply, 
implying rapid enhancement of S(tt, 0). This is corre- 
lated with the continuous decrease of Cn Wb/° 2 W a to 
a modest value (~ 4), indicating that S(tt, 0) is get- 
ting comparable to S(tt, tt) at high temperatures. All 
these results suggest that the two legs of the ladder unit 
become gradually decoupled magnetically, hence no dis- 
tinction between q y =0 and q y =TT, and the spin gap near 
q x ~ tt is being filled with low frequency spin fluctua- 
tions. Indeed nearly constant l/ Cu Ti and approximately 
T-linear l/ 01 Ti are what would be expected for an iso- 
lated spin chains with gapless antiferromagnetic spin 
fluctuations .BES* These results are consistent with the 
neutron scattering experiments for x=11.5 by Katano et 
al$3 At T=7 K the energy scan spectrum at (tt, tt) shows 
a peak at 32.5meV with no weight near u) ~ 0. However, 
the spectrum at T=200 K shows substantial weight be- 
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low lOmeV, even though the peak still appears at a high 
energy near 20 meV. 

The temperature variation of the spin correlation dis- 
cussed .above is closely correlated with the transport be- 
havior O Although the resistivity along the leg direction 
shows nearly T-linear metallic behavior down to 60 K, 
semiconducting behavior starts beinw 200 K along the 
rung direction. Motoyama et al. EJ argued that such 
behavior is an evidence. £ol the hole pairing as has been 
predicted theoreticallyBaQtj) When holes are bound in 
pairs, coherent motion of hole pairs is possible only along 
the leg directions. Since the probability of interladder 
pair hopping is small, current along the rung direction 
has to be carried by quasiparticles that result from ther- 
mal dissociation of bound hole pairs. This picture is 
supported also by recent optical measurements E$ 

Our results appear to be consistent with this argu- 
ment. Starting from the low temperature side, dissocia- 
tion of hole pairs begins to occur at about 60 K and al- 
most completes near 180 K. Since hole pairing should be 
a necessary condition for the persistence of spin gap when 
doped with holes, dissociated quasiparticles carrying spin 
1/2 will create spectral weight within the magnon gap. 
Moreover, such mobile quasiparticles will cause strong 
damping of magnons, filling the spin gap near (tt, 7t). It 
is also physically plausible that singlet correlations be- 
tween the two legs is disturbed by motion of such quasi- 
particles, accounting for different behavior at the 01 and 
02 sites. When hole pairs are completely unbound, the 
two legs will be highly decoupled and asymptotically be- 
have as gapless Tomonaga-Luttinger liquid with strong 
antiferromagnetic correlation. 

Numerical calculations for doped t — J ladders have 
indeed demonstrated two distinct types of spin excita- 
tions at T—Oa 1 One is associated with the singlet-triplet 
excitations across the spin gap that evolve continuously 
from the magnon excitations in undoped material. The 
other is associated with the dissociation of bound hole 
pairs. Since the latter type has smaller excitation energy, 
it is reasonable that this process occurs at much lower 
temperatures than the spin gap in undoped material. 

Magishi et al. argued based on their data of 1/ T\ for 
:e=11.5 that the opening of spin gap indicated by sudden 
decrease of l/ Cu Ti below 180 K coincides with the_pnset 
of hole pairing inferred from the resistivity data.liZP We 
should mention, however, that such crossover in l/ Cu Ti 
is not limited to the heavily doped materials but common 
to wide range of doping. For example, Imai et al. ob- 
served similar crossover at 330 K (230 K) for x=0 (x=3), 
for which no evidence of hole paring has been observed in 
transport or optical measurements. This indicates that 
for small doping, localization of individual holes rather 
than hole pairing is sufficient to restore spin gap behav- 
ior at low temperatures. We consider that the variation 
of singlet correlations along the rung is indicated by the 
temperature dependence of the ratio 01 Wb/ 02 W a is the 
key factor related to the hole pairing and dissociation. 

In conclusion, comparison of 1/Ti data at different 
sites indicates that the dominant weight of low frequency 
spin fluctuations is located near (tt, tt) for most of the 
temperature and doping range we studied. The acti- 



vated temperature dependence of 1/Ti, therefore, de- 
scribes thermal damping of magnons near (tt,tt). The 
mechanism for damping depends on doping. In undoped 
La6Ca8, multimagnon processes become important even 
when the temperature is smaller than ±he gap, consis- 
tent with the recent DMRG calculation.^ In the lightly 
doped x—0 sample, motion of holes above 200 K further 
accelerates the magnon damping. In the heavily doped 
x=l2 sample, we propose that dissociation of bound hole 
pairs creates low energy spin fluctuations within the spin 
gap. Dissociated quasiparticles moving along the leg 
reduce singlet correlations along the rung in place of 
the growing antiferromagnetic correlations along the leg, 
eventually decoupling the two legs at high temperatures. 
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